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Abstract  28 
Carbon dioxide (CO2) is the main anthropogenic greenhouse gas contributing to global 29 
warming, causing tremendous impacts on the global ecosystem. Fossil fuel combustion is the 30 
main anthropogenic source of CO2 emissions. Biochar, a porous carbonaceous material 31 
produced through the thermochemical conversion of organic materials in oxygen-depleted 32 
conditions, is emerging as a cost-effective green sorbent to maintain environmental quality by 33 
capturing CO2. Currently, the modification of biochar using different physico-chemical 34 
processes, as well as the synthesis of biochar composites to enhance the contaminant sorption 35 
capacity, has drawn significant interest from the scientific community, which could also be 36 
used for capturing CO2. This review summarizes and evaluates the potential of using pristine 37 
and engineered biochar as CO2 capturing media, as well as the factors influencing the CO2 38 
adsorption capacity of biochar and issues related to the synthesis of biochar-based CO2 39 
adsorbents. The CO2 adsorption capacity of biochar is greatly governed by physico-chemical 40 
properties of biochar such as specific surface area, microporosity, aromaticity, 41 
hydrophobicity and the presence of basic functional groups which are influenced by 42 
feedstock type and production conditions of biochar. Micropore area (R
2
 = 0.9032, n=32) and 43 
micropore volume (R
2
 = 0.8793, n=32) showed a significant positive relationship with CO2 44 
adsorption capacity of biochar. These properties of biochar are closely related to the type of 45 
feedstock and the thermochemical conditions of biochar production. Engineered biochar 46 
significantly increases CO2 adsorption capacity of pristine biochar due to modification of 47 
surface properties. Despite the progress in biochar development, further studies should be 48 
conducted to develop cost-effective, sustainable biochar-based composites for use in large-49 







































































 Engineered biochar possesses significantly high CO2 adsorption capacity. 54 
 55 
 Basic functional groups and hetero atoms are important for high CO2 adsorption 56 
capacities. 57 
 58 
 New technologies are needed for regenerating and reusing captured CO2. 59 
 60 
Keywords: black carbon; CO2 capture; climate change; engineered biochar; greenhouse gas 61 
 62 

















































































1. Introduction  77 
Global warming caused by the anthropogenic emission of greenhouse gases such as 78 
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) has become a serious 79 
environmental issue in the last few decades [1]. It has been reported that CO2 is the main 80 
greenhouse gas responsible for global warming [2]. Since 1750, the atmospheric CO2 81 
concentration has increased reaching a level of 410 ppm at present [2]. The International 82 
Panel on Climate Change (IPCC) has predicted that the CO2 concentration will reach 570 83 
ppm by 2100, leading to a mean temperature increase of 1.9 °C [3]. This would have a 84 
tremendous impact on the terrestrial environment, causing heavy droughts, changes in rainfall 85 
patterns, extreme heat waves, melting of glaciers, and rising sea levels [4]. Thus, it is 86 
essential to develop sustainable methods for capturing and storing CO2 to reduce CO2 87 
emissions and combat global warming, as underlined by the fifth assessment report of the 88 
IPCC [3]. 89 
CO2 capture technologies can be categorized into three groups: pre-combustion CO2 90 
capture, post-combustion CO2 capture, and oxy-fuel combustion [5]. In pre-combustion CO2 91 
capture, H2 and CO2 are produced through the gasification of fossil fuel in a water-gas-shift 92 
reactor, and H2 is used for energy generation, whereas CO2 is captured before the combustion 93 
of the fossil fuel [4]. During post-combustion, CO2 is separated and captured from the 94 
effluent gas produced during fossil fuel combustion [4]. Oxy-fuel combustion is the process 95 
of burning fuel with pure O2 instead of air as the primary oxidant [4]. The nitrogen-free and 96 
oxygen-rich environment results in a more concentrated CO2 stream in the final flue gas, 97 
leading to easier purification [6]. 98 
Post-combustion CO2 capture technologies have gained more interest because of their 99 
low technological risk and better compatibility with current gas emission control systems 100 




































































and cryogenic separation are commonly used for post-combustion CO2 capture [8]. 102 
Adsorption is considered the best technique because of its low energy consumption, the 103 
ability to use this technology at a wide range of temperatures and pressures, and the ease of 104 
adsorbent regeneration, without producing any unfavorable byproducts [9]. Various 105 
adsorbents such as zeolite, mesoporous carbon, engineered carbon nanomaterials, and 106 
activated carbon have been studied for use as CO2 adsorbents over past few years [10]. Even 107 
though these materials show good adsorption performance for capturing CO2, their use on a 108 
large scale is associated with some drawbacks such as adsorption competition and high cost 109 
[11]. 110 
Biochar is a porous carbonaceous material produced through the thermochemical 111 
conversion of organic material in oxygen-depleted conditions which is also known as 112 
pyrolysis [12] and at moderate temperatures usually below 700 ˚C [13],[14]. Recently, 113 
biochar has been used for various environmental applications including soil quality 114 
improvement [15], removal of emerging contaminants in soil [16],[17] and water [18], 115 
mitigation of greenhouse gas emissions [19], and energy production [20],[21]. The potential 116 
for using biochar for various environmental applications varies with the properties of the 117 
biochar, which are affected by the feedstock type and production conditions [22],[23]. As 118 
biochar can be produced using abundant biomass and waste, such as crop residues [24],[25], 119 
wood waste [24],[26], animal manure, and food waste [27], municipal solid waste [28], 120 
sewage sludge [29] it is regarded as an environmentally friendly material for capturing CO2  121 
[30],[31]. In addition, use of waste-derived biochar for CO2 capture will facilitate sustainable 122 
waste management. Activated carbon is being widely used as an adsorbent for removal of 123 
various environmental contaminants. Despite of its excellent adsorption capacity, high cost 124 
and difficulties in regeneration limit the use of activated carbon as an effective adsorbent 125 




































































[13]. In general activated carbon is produced under higher temperature (800-1000 ºC) [12] 127 
and an additional activation process is crucial in activated carbon production inquiring more-128 
energy consumption and a higher cost compared to biochar which is usually produced at a 129 
lower temperature ( <700 ºC) and activation is unnecessary for biochar production [13],[33]. 130 
Moreover, the average energy demand for activated carbon production (97 MJ/kg) is 131 
significantly higher than that of biochar (6.1 MJ/kg) [34]. Biochar production from waste 132 
biomass can benefit both carbon abatement and sustainable management. Carbon dioxide in 133 
the atmosphere is first removed by green plants through photosynthesis part of which will 134 
then bound to the final carbonaceous structure of biochar without liberating [14],[19]. The 135 
economic feasibility of biochar production is highly contingent up the cost of feedstock, and 136 
waste biomass serves as economic feedstocks for biochar production in view of its relatively 137 
low cost or even income generating potential in the form of tipping fees [35]. Hence, waste 138 
based biochar production is considered as a potential sustainable process 139 
At present, there is much interest in the scientific community in enhancing the 140 
adsorption capacity of biochar by modifying its structure and surface properties [36]. The 141 
product that is obtained by modification of pristine biochar (unmodified normal biochar) through 142 
physical, chemical and biological methods to improve its physical, chemical and biological properties 143 
is known as engineered biochar [37]. Because of the high surface area and porous structure of 144 
engineered biochar, it can be used as a potent CO2 adsorbent [30]. Thus, this review aims to 145 
evaluate and summarize the potential of using pristine and engineered biochar as a CO2 146 
capturing medium. It also discusses the factors influencing the CO2 adsorption capacity of 147 
biochar as well as relevant issues related to the synthesis of biochar-based CO2 adsorbents. 148 
 149 




































































Biochar is an eco-friendly adsorbent that is produced from natural biomass or 151 
agricultural waste. Biochar is nearly ten times cheaper than other CO2 adsorbents because of 152 
the wide availability of biomass [38]. Raw biochar exhibits a low adsorption capacity towards 153 
CO2, but modified biochar has shown enhanced CO2 adsorption in many studies. Several 154 
modification methods have been tested and applied with varying degrees of success (Section 155 
4).  156 
Many studies have suggested that the introduction of basic nitrogen functional 157 
groups would enhance the basic sites on biochar and increase the uptake of acidic CO2 [39] . 158 
Considering that the amine modification of biochar results in a superior surface chemistry for 159 
the uptake of CO2, chicken manure was converted to biochar by pyrolysis at 450 °C for 1 h, 160 
followed by chemical treatment with HNO3 and ammonia gas for 1 h at 450 °C [39]. The 161 
modified biochar was further treated with sodium α-L-gulopyranuronate to produce compact 162 
beads for easy sorting after the process. The biochar beads had a specific surface area of 163 
328.6 m
2
/g with high adsorption capacity. To increase the nitrogen content and the micro-164 
porosity of the adsorbent, Zhang et al. [40] investigated the high-temperature ammonia 165 
treatment of biochar with CO2 activation. The micropore volume of the biochar and CO2 166 
adsorption capacity showed a direct correlation in their study. Studies investigating the CO2 167 
and NH3 activation of biochar for CO2 adsorption have been conducted with cotton stalk 168 
biochar by Xiong et al. [41]. The maximum specific surface area of the CO2-modified char 169 
(610.04 m
2
/g) was higher than that of the NH3-modified char (348.56 m
2
/g) at 800 °C. The 170 
CO2 uptake capacity of CO2-modified biochar was 100 mg/g (at 20 °C). 171 
The performance of virgin and amine-modified biochar (coconut shell) has also been 172 
assessed [42]. It was reported by the authors that amine-modified biochar pyrolyzed at 173 
800 °C presented the highest adsorption of CO2 that was reported to be 35.57 mg/g at 30 °C. 174 




































































increased the number of nitrogen-containing functional groups and basicity, which increased 176 
the overall CO2 adsorption. In addition, the potential of untreated and amine-treated sawdust 177 
biochar was also evaluated for CO2 adsorption [43]. In contrast to other studies, this study 178 
showed lower CO2 adsorption in the modified biochar than the unmodified biochar. The 179 
reason for the lower CO2 uptake by the modified biochar was attributed to the incorporation 180 
of nitrogen functional groups on the carbon surface, which resulted in the pore obstruction of 181 
the amine film and inhibited the CO2 uptake. Three different ammoxidation methods were 182 
studied by Liu et al. [44] to prepare biochar from coffee grounds: (i) dispersion of carbonized 183 
carbon from the coffee grounds in alcohol containing 3-aminopropyltrimethoxysilane 184 
(APTES) followed by refluxing and washing, (ii) dispersion of carbonized carbon from 185 
coffee grounds in HCl and treatment by the polycondensation of C6H5NH2 by K2Cr2O7 in an 186 
ice bath for 6 h followed by washing and drying, and (iii) dissolution of carbonized carbon 187 
from coffee grounds in H2O via sonication, addition of melamine into the solution, 188 
hydrothermal treatment at 160 °C for 24 h, and, finally, drying at 60 °C. The prepared 189 
products were chemically activated with KOH and heated to 400 °C for 1 h, followed by 190 
ramping to 600 °C for a further hour. The adsorption capacity was 89.78–117.51 mg/g. The 191 
adsorbent prepared by method (iii) and after the KOH treatment exhibited the maximum CO2 192 
removal (117.51 mg/g) compared to the other adsorbents prepared in this study. A possible 193 
reason for this observation is the well-developed microporous structure, high nitrogen 194 
doping, and creation of active sites for adsorption in this particular adsorbent (i.e., that 195 
prepared via method (iii)). 196 
A two-stage biochar activation process for removal of CO2 has been reported 197 
recently based on ultrasound treatment and amine functionalization [38]. In this process, 198 
pinewood-derived biochar was first physically activated by 30-s sonication at ambient 199 




































































exfoliation and breaking up of the irregular graphitic layers of the biochar, which resulted in 201 
the formation of new micropores. As a result, the porosity and permeability of the biochar 202 
were increased, resulting in a higher CO2 uptake. In the second step, tetraethylenepentamine 203 
(TEPA) was used to functionalize the biochar. The adsorption capacity of the biochar 204 
modified with ultrasonic treatment followed by TEPA (2.79 mmol/g) was more than nine 205 
times more efficient than the untreated biochar [38].  206 
Although the pyrolysis method has been widely studied, some researchers have 207 
raised concerns about this method because of the high costs associated with the equipment 208 
and energy usage. To search for a cheaper, quicker, and more efficient pyrolysis method, 209 
Huang et al. [45] considered using microwave pyrolysis to produce biochar. In their study, 210 
biochar was prepared from rice straw by microwave pyrolysis (200 W and 300 °C). The CO2 211 
removal capacity was found to be up to 80 mg/g at 20 °C, and a correlation between the CO2 212 
removal and the specific surface area was reported. Microwave pyrolysis was suggested to be 213 
a better approach than conventional pyrolysis because of its advantages, energy recovery, and 214 
zero carbon emissions. 215 
Xu et al. [46] considered that the presence of alkali or alkali earth metals in the 216 
biochar was important for the sorption of the acidic CO2 molecule. Biochars were developed 217 
from sewage sludge, wheat straw, and pig manure by, pyrolyzed at 500 °C for 4 h and tested 218 
for carbon dioxide adsorption. The removal of CO2 was suggested to be induced by 219 
mineralogical reactions because minerals such as magnesium, calcium, iron, and potassium 220 
were present in the biochar. It was reported that Fe(OH)2CO3 was formed in sewage sludge 221 
biochar by the transformation of FeOOH after the sorption of CO2, whereas K2Ca(CO3)2 and 222 
CaMg(CO3)2 were the transformation products in pig manure after CO2 sorption. The reaction 223 
between adsorbed CO2 and calcium carbonate (CaCO3) resulted in the formation of 224 




































































sorption efficacy for CO2 removal (18.2–34.4 mg/g at 25 °C). Guo et al. [5] used zinc 226 
chloride as a catalyst to synthesize biochar from waste roasted peanut shell by pyrolysis. The 227 
developed biochar had a large surface area (1087 m
2
/g). The capacity for CO2 adsorption was 228 
found to increase with increasing gas pressure and decreasing temperature. The CO2 removal 229 
capacity of the prepared biochar at 100 kPa was reported to be 3.8 mmol/g at 273 K and 230 
2.2 mmol/g at 298 K.  231 
Single-step pyrolysis at various temperatures (500, 700, and 900 °C) was used to 232 
prepare biochars from walnut shells under a N2 atmosphere [47]. The biochar prepared at 233 
900 °C had a high specific surface area (397.015 m
2
/g) and high microporosity (0.159 cm³/g). 234 
Metal impregnation was done followed by heat treatment with nitrogen. For metal 235 
impregnation, metal nitrate salts of sodium, magnesium, calcium, nickel, iron, and aluminum 236 
were selected. It was reported that the addition of basic sites (induced by metal impregnation) 237 
on the surface of biochar improved the removal of CO2. The performance of the metal-238 
impregnated biochar followed the order: magnesium  >  aluminum  >  iron  >  nickel  > 239 
 calcium  >  raw biochar  >  sodium. The magnesium-loaded biochar exhibited a higher CO2 240 
uptake (82.0 mg/g) than the virgin biochar (72.6 mg/g) at 25 °C and 1 atm. The improved 241 
performance of the modified biochar was explained as resulting from combined physical and 242 
chemical effects.  243 
Sugarcane bagasse and hickory wood were pyrolyzed at three different temperatures 244 
(300, 450, and 600 °C) under a N2 atmosphere for the production of biochar for CO2 removal 245 
[48]. The CO2 adsorption capacities of the prepared biochars were found to be in the range of 246 
34.48–73.55 mg/g at 25 °C and 11.15–43.67 mg/g at 75 °C. The larger surface area of the 247 
biochars and the presence of nitrogen-containing groups on the biochar surface was suggested 248 
to contribute toward the CO2 capture. The biochar prepared from bagasse samples possessed 249 




































































consequently, exhibited better CO2 removal. Creamer et al. [49] hypothesized that basic 251 
metal oxyhydroxides can easily interact with acidic CO2 when the polar surfaces are in 252 
contact. To test this hypothesis, the authors prepared metal-oxyhydroxide–biochar 253 
composites and assessed them for CO2 adsorption. Raw cottonwood was used to prepare the 254 
biochar, and the biochar was treated with the chloride salts of three metals (Al, Fe, and Mg). 255 
The mixture (cottonwood in metal salt) was pyrolyzed at 600 °C under a nitrogen atmosphere 256 
for 3 h. It was found that, in comparison with the raw biochar (58 mg/g), the metal-modified 257 
biochars displayed higher CO2 adsorption, i.e., 27–63 mg/g for Mg biochar, 54–67 mg/g for 258 
Fe biochar, and 63–71 mg/g for Al biochar. 259 
Single-step activation of biomass (almond shells and olive stones) in air at 400–500 260 
°C and at a low oxygen content (3–5%) in the activating gas at high temperatures (500–261 
650 °C) has also been reported [50]. Samples that were activated at 650 °C showed the 262 
highest CO2 adsorption capacity. The almond-shell-based chars exhibited a CO2 removal of 263 
up to 2.1 mmol/g at 25 °C and 0.7 mmol/g at 100 °C. These results were discussed by authors 264 
based on micropore volume and pore diameters. Four types of feedstocks, namely soybean 265 
stover, perilla leaf, Japanese oak, and Korean oak, were used to prepare different types of 266 
biochars [51]. The powdered biomass was pyrolyzed at 700 °C, and the Korean oak and 267 
Japanese oak biochars were produced at 400 and 500 °C, respectively. The efficiency of the 268 
prepared biochars for CO2 adsorption was found to decrease in the order Perilla leaf (2.312 269 
mmol/g) > Korean oak (0.597 mmol/g) > Japanese oak (0.379 mmol/g) > soybean stover 270 
(0.707 mmol/g), and this was related to the nitrogen contents of these biochars. In addition to 271 
the above-mentioned studies, other researchers have also investigated biochars for CO2 272 





































































3. Biochar properties influencing CO2 adsorption  275 
The CO2 adsorption capacity of biochar, which is the amount of CO2 adsorbed per unit 276 
weight of biochar, mainly depends on the physicochemical properties of the biochar, such as 277 
the surface area, pore size, pore volume, basicity of biochar surface, presence of surface 278 
functional groups, presence of alkali and alkali earth metals, hydrophobicity, polarity, and 279 
aromaticity [54]. These physical and chemical properties of biochar are closely related to the 280 
type of feedstock used and the thermochemical conditions of biochar production [55],[56]. 281 
Table 1 summarizes the effects of feedstock type and pyrolysis conditions on the properties 282 
of the biochar.  283 
 284 
3.1 Physical properties of biochar 285 
Carbon dioxide adsorption occurs through van der Waals forces between gas molecules 286 
and the solid phase (biochar), which is associated with the specific surface area, pore size, 287 





















































Table 1. Effect of feedstock and pyrolysis conditions on the biochar properties 290 













Vegetable waste  200 °C for 2 h 52.89 6.9 36.02 4.2 0.36 2.59 43.24 [58] 
Vegetable waste  500 °C for 2 h 83.85 2.7 9.73 3.71 50.26 3.22 54.61 [58] 
Pine cone  200 °C for 2 h 69.74 2.13 27.09 1.03 0.47 2.38 45.13 [58] 
Pine cone  500 °C for 2 h 74.64 2.62 20.94 1.81 192.97 10.2 2.44 [58] 
Pitch pine wood chips  
 
 300 °C fast pyrolysis 63.9  5.4  30.4   0.3  2.9  N/A N/A [59] 
Pitch pine wood chips   400 °C fast pyrolysis 70.7  3.4  25.5  0.4  4.8  N/A N/A [59] 
Pitch pine wood chips   500 °C fast pyrolysis 90.5   2.5   6.7  0.3  175.4  N/A N/A [59] 
Rubber wood sawdust   300 °C for 
1-h  
N/A N/A N/A N/A 1.8 7.4 0.0032  [60] 
Rubber wood sawdust   400 °C for 1 h  N/A N/A N/A N/A 1.4 9.6 0.0034 [60] 
Rubber wood sawdust   500 °C for 1 h  N/A N/A N/A N/A 2.2 11 0.0061 [60] 
Rubber wood sawdust   600 °C for 1 h  N/A N/A N/A N/A 2.7 11.8 0.008 [60] 
Rubber wood sawdust   700 °C for1 h  N/A N/A N/A N/A 2.3 15.8 0.0089 [60] 
Rubber wood sawdust   300 °C for 3 h  N/A N/A N/A N/A 1.9 7.0 0.0034 [60] 
Rubber wood sawdust   400 °C for 3 h  N/A N/A N/A N/A 2.1 12.4 0.0066 [60] 
Rubber wood sawdust  500 °C for 3 h  N/A N/A N/A N/A 2 12.7 0.0064 [60] 
Rubber wood sawdust   600 °C for 3 h  N/A N/A N/A N/A 1.9 13 0.0063 [60] 
Rubber wood sawdust   700 °C for 3h  N/A N/A N/A N/A 5.5 7.0 0.0097 [60] 
Wheat straw   400 °C for 1.5 h 57.8 3.2 21.6 1.5 10 4.6 0.012 [61] 
Wheat straw   500 °C for 1.5 h 70.3 2.9 17.7 1.4 111 3.3 0.09 [61] 
Wheat straw   600 °C for 1.5 h 73.4 2.1 14.9 1.4 177 2.5 0.11 [61] 
Wheat straw   700 °C for 1.5 h 73.9 1.3 14.6 1.2 107 2.2 0.058 [61] 
Corn straw   400 °C for 1.5 h 56.1 4.3 22 2.4 4 8.1 0.008 [61] 
Corn straw   500 °C for 1.5 h 58 2.7 21.5 2.3 6 2.1 0.012 [61] 
Corn straw   600 °C for 1.5 h 58.6 2 18.7 2 7 6.3 0.012 [61] 
Corn straw   700 °C for 1.5 h 59.5 1.5 16.6 1.6 3 8.2 0.006 [61] 
Peanut shell   400 °C for 1.5 h 58.4 3.5 21 1.8 5 5.2 0.007 [61] 
Peanut shell   500 °C for 1.5 h 64.5 2.8 18.5 1.7 28 3.2 0.022 [61] 

































































Peanut shell   700 °C for 1.5 h 74.4 1.4 14.2 1.4 49 2.7 0.033 [61] 
Wood   850 °C for 3 h 84.5 1.0 N/A 0.5 172 N/A 0.121 [62] 
Wood chip (70%) + 
chicken manure (30%)  
 850 °C  for 3 h 70.7 2.1 N/A 0.7 342 N/A 0.224 [62] 
Yak manure  300 °C  for 3 h 41.6  1.9  27.4  3.2  3.6 11.3 N/A [63] 
Yak manure  500 °C for 3 h 41.3  1.7  24.4 3.0  17.3 7.5 4.4 [63] 
Yak manure  700 °C for 3 h 41.2  1.4 20.7  2.7  82.9 3.6 52.8 [63] 
Sewage sludge  500 °C for 4 h 29.1 1.56 N/A 3.34 10.12 N/A 0.022 [46] 
Pig manure  500 °C for 4 h 47.7 1.91 N/A 2.49 31.57 N/A 0.044 [46] 
wheat straw  500 °C for 4 h 60.5 2.31 N/A 0.97 20.2 N/A 0.041 [46] 
Rice straw  300 °C for 1.5 h N/A N/A N/A N/A 3.35 151.3 0.127 [64] 
Rice straw  500 °C for 1.5 h N/A N/A N/A N/A 7.47 108.1 0.0202 [64] 
Rice straw  700 °C for 1.5 h N/A N/A N/A N/A 32.9 59.2 0.0486 [64] 
Pig manure  300 °C for 1.5 h N/A N/A N/A N/A 3.32 229.9 0.0191 [64] 
Pig manure  500 °C for 1.5 h N/A N/A N/A N/A 6.3 184.5 0.0291 [64] 
Pig manure  700 °C for 1.5 h N/A N/A N/A N/A 20.5 88.4 0.0454 [64] 
Rice straw 
(hydrochar) 
 300 °C  for 1.5 h N/A N/A N/A N/A 2.57 314.1 0.0202 [64] 
Rice straw 
(hydrochar) 
 700 °C  for 1.5 h N/A N/A N/A N/A 2.94 174.3 0.0128 [64] 
Pig manure 
(hydrochar) 




































































 500 °C  for 1.5 h N/A N/A N/A N/A 15.6 310.6 0.1212 [64] 
Pig manure 
(hydrochar) 




































































3.1.1 Specific surface area  292 
The specific surface area of biochar can be defined as the ratio between the total surface 293 
area and the total mass of the biochar [65]. Several studies have assessed the effects of the 294 
specific surface area of biochar on its capacity of CO2 adsorption [46]. A positive relationship 295 
(R
2
 = 0.6475, n = 16) can be seen between the specific surface area and the CO2 adsorption 296 
capacity of biochar (Fig. 1a). A larger surface area provides more active sites for CO2 297 
adsorption through physical adsorption; thus, a higher biochar surface area leads to a 298 
correspondingly larger adsorption capacity [10].  299 
 300 
Fig. 1. Relationship between the (a) specific surface area, (b) micropore area, (c) micropore 301 
volume, and CO2 adsorption capacity of biochar (Data was obtained from [66], [67]). 302 
The specific surface area of biochar is strongly related to the carbon content of the 303 
material, which may vary depending on the feedstock [65],[68]. However, high mineral 304 
content can reduce the specific surface area by blocking the pores on the biochar surface [69]. 305 
The Brunauer–Emmett–Teller (BET) specific surface area of corn-straw-derived biochar is 306 
lower than that of the biochars derived from peanut shell and wheat straw, suggesting that 307 
this difference can be attributed to the different lignin, cellulose, and hemicellulose contents 308 
of the feedstock, which may also contribute to different decomposition rates (Fig. 2a) [61]. 309 
Biochar produced from plant materials such as corn stove, oak wood, and pine needles 310 
showed significantly higher surface areas than that of the biochar produced from animal litter 311 




































































with 100% wood-derived biochar and that prepared form 70% wood + 30% chicken manure 313 




respectively, which could be attributed to the 314 
feedstock (Table 1) [62]. In general, wood chips are larger than chicken manure granules and 315 
wood chips have a higher fixed carbon content than chicken manure (Fig. 2b), which may 316 
cause a lower burn off rate, thus contributing to a lower surface area and porosity [62].  317 
The surface area of the biochar increases with increasing pyrolysis temperature and 318 
residence time, possibly because of the release of volatile matter, which increases the pore 319 
volume [18]. For instance, increasing temperature from 200 ºC to 500 ºC in biochar produced 320 
with vegetable waste and pine cone enhanced the surface area from 0.36 to 50.26 and 0.47 to 321 
192.97 m
2
/g respectively (Table 1) [58]. The mobile matter content was reduced from 56.44 322 
to 12.43 and 62.35 to 10.01 % respectively when the temperature was increased from 200 ºC 323 
to 500 ºC in biochar produced with vegetable waste and pine cone (Fig. 2c) [58]. This 324 
suggested that release of mobile matter would open up the pores in biochar matrix enhancing 325 
surface area. In addition, increase in the temperature from 300 to 500 °C was found to 326 
increase the specific surface area of pitch pine wood biochar from 2.9 to 175.4 m
2
/g [59]. 327 
Moreover, a study conducted with wheat straw, corn straw, and peanut shell biochars 328 
revealed that the surface area of the biochar increased substantially from 300 to 600
 
°C, 329 
whereas a reduction was observed at 700 °C irrespective of the feedstock, suggesting the loss 330 
of H and O-containing functional groups, whereas aliphatic alkyl CH2, aromatic CO, ester 331 
C5O, and OH groups serve to increase the surface area at 600 °C [61],[70]. A significant 332 
increase in the BET surface area of rubber wood sawdust biochar was observed at 700 °C 333 
after a residence time of 3 h [60]. It was suggested that the partially carbonized reactants may 334 
lower the surface area at lower temperatures, and the high temperature (700 °C) led to the 335 





































































 Fig. 2. Variation of (a) surface area, (b) fixed carbon content, (c) mobile matter content and 338 
(d) pore volume of biochar produced from different feedstock types under different 339 
pyrolysis temperatures (Data was obtained from [27], [58], [61], [71], [72], [73], [74], [75], 340 
[76], [77], [78]) 341 
 342 
3.1.2 Total pore volume and pore size  343 
The pore volume and pore size also play a vital role in CO2 adsorption. The release of 344 
volatile organic matter from the polymeric backbone of the feedstock causes the formation of 345 
porous structures in the biochar, and a larger total pore volume provides more active sites for 346 
interaction between CO2 and the biochar [65],[79]. Per the pore size classification of the 347 
International Union of Pure and Applied Chemistry, pores with a diameter greater than 50 nm 348 




































































and those with  a diameter of less than 2 nm are micropores [65]. Generally, the CO2 capture 350 
capacity of porous carbon strongly depends on the presence of micropores with a diameter of 351 
less than 1 nm[80],[81]. Nevertheless, studies have revealed that pores with a diameter of 0.5 352 
nm or less contribute significantly to CO2 adsorption at low partial pressures, whereas pores 353 
with a diameter smaller than 0.8 nm make a higher contribution to CO2 uptake at 1 bar [82]. 354 
The CO2 adsorption capacity has a stronger correlation with the micropore surface area (R
2
 = 355 
0.9032, n= 32, Fig. 1b) than the BET surface area (R
2
 = 0.6475, n=16, Fig. 1a), suggesting 356 
that the micropore structure of the biochar significantly affects the CO2 adsorption capacity 357 
[67] 358 
A study conducted to assess the effect of the pyrolysis temperature on the pore volume 359 
showed that there is an increase in the micropore volume and the total pore volume of the 360 
biochar as the temperature increases from 400 to 500 °C and a reverse trend is observed when 361 
the temperature is increased above 500 °C (Table 1, Fig 2d) [83]. When the temperature is 362 
higher than 500 °C, the coalescence of neighboring pores can widen the pores while reducing 363 
the pore volume [83]. Furthermore, even during modification of biochar using different 364 
compounds, the micropore volume and surface area of the micropores increase with 365 
increasing modification temperature but begin to decrease from 800 °C because of the 366 
coalescence of micropores and increase in mesopores and macropores [41],[67].  367 
Anglin et al [83] also observed a reduction in pore volume with the increase of heating 368 
rate from 10 to 50 ºC/min. When the heating rate of the process is low, pyrolysis 369 
products/volatile organic matter has enough time to diffuse from the biochar particles. 370 
Nevertheless, with the increase of heating rate, the time for discharging volatile organic 371 
matter reduces resulting in the accumulation of volatiles within and between particles 372 





































































3.2 Chemical properties of biochar 375 
The adsorption of CO2 onto the biochar surface is also affected by the chemical 376 
properties of the biochar such as alkalinity, mineral composition, presence of surface 377 
functional groups, hydrophobicity, and non-polarity [46],[84]. The CO2 adsorption capacity 378 
of biochar can be enhanced by increasing the alkalinity of the biochar surface [47].  379 
 380 
3.2.1 Basic functional groups 381 
The presence of basic surface functional groups plays an important role in the CO2 382 
adsorption of biochar because of their contribution to surface basicity, which enhances the 383 
affinity of the biochar for CO2 [85]. Nitrogen-containing functional groups (e.g., amide, 384 
imide, pyridinic, pyrrolic, and lactam groups) are the contributors to the surface basicity of 385 
biochar. They can be introduced to the biochar surface through reaction with different N-386 
containing reagents such as ammonia, amines, and nitric acid or by the activation of biochar 387 
with nitrogen-containing precursors (a precursor is a compound that participates in a 388 
chemical reaction while producing another compound), such as melamine or polyacrylonitrile 389 
[5],[86]. The Fourier transform infrared spectroscopy (FTIR) spectrum of ammonia-modified 390 
biochar shows C = N (1745–1586 cm-1) and C-N (1056 cm-1) stretches corresponding to N-391 
containing functional groups [57]. Moreover, the authors observed the highest CO2 392 
adsorption capacity (39.37 mg/g) in the ammonia-modified biochar [57]. In addition, some 393 
oxygen-containing functional groups such as ketones, pyrones, and chromenes also contribute 394 
to the surface basicity. Xing et al. [87] suggested that the basicity of N-containing functional 395 
groups is very weak compared to that of organic amines, but this has rarely been studied. 396 
Unlike the acid–base interaction between CO2 and the biochar surface, there is evidence that 397 
the presence of oxygen-containing acidic functional groups such as hydroxyl groups, 398 




































































by facilitating hydrogen bonding between the CO2 molecules and the carbon surface 400 
[87],[88].  401 
 402 
3.2.2 Alkaline and alkaline earth metals 403 
The presence of alkali metals and alkaline earth metals (e.g., Na, K, Ca, Mg, and Li) 404 
can enhance the formation of basic sites with a strong affinity for CO2, which has an acidic 405 
nature [46]. Thus, the presence of alkaline metals and alkaline earth metals may enhance the 406 
CO2 adsorption capacity of biochar. For instance, when biochar is loaded with Mg(NO3)2, 407 
MgO is formed when the temperature is above 400 ˚C which facilitate CO2 adsorption 408 
through the interaction between CO2 and O2 [47]. However, the reaction between O2
-
 and 409 
CO2 forms a monolayer of magnesium carbonate (MgCO3) on the surface which limits the 410 
further reaction between MgO and CO2 [89]. Additionally, decrease in the specific surface 411 
area and pore volume have been observed with the incorporation of metal ions due to 412 
localized deposition of metals on the biochar surface and blockage of micropore entrance by 413 
magnesium oxide [47].  414 
 415 
3.2.3 Hydrophobicity, polarity, and aromaticity  416 
Studies have revealed that the CO2 adsorption capacity of carbonaceous materials 417 
may be reduced under humid environments because of the high affinity for H2O of most 418 
porous materials [90],[91]. Thus, biochar with hydrophobic and non-polar characteristics may 419 
facilitate the CO2 adsorption capacity by hindering the competition of H2O molecules. Low 420 
H/C and O/C ratios (< 0.2), suggest a high degree of aromaticity and fixed carbon, which are 421 
chemically stable [65]. Very low O/C ratios have been found in white oak biochar (O/C = 422 
0.051), and this is associated with high hydrophobicity, low polarity, and enhanced CO2 423 




































































due to the fracture of chemical bonds. The molar ratio of O/C and H/C decreases as the 425 
increase of pyrolysis temperature (Table 1), possibly due to loss of volatile organic 426 
compounds and increase in dehydrogenation and deoxygenation reactions resulting formation 427 
of aromatic structures and reduce the polarity of biochar while increasing the hydrophobicity 428 
(Fig. 3) [31],[60],[77],[93],. 429 
 430 
 431 
Fig. 3. Variation of carbon (C), hydrogen (H), and oxygen (O) (percentages) in biochar with 432 
the pyrolysis temperature. (Adopted from Igalavithana et al., [94]) 433 
 434 
4. Modified biochar for CO2 adsorption  435 
Biochar has excellent inherent characteristics for capturing CO2 because of its polar and 436 
hydrophilic nature with a highly porous structure and high specific surface area [18],[48],[95] 437 
. At present, scientists focus on the production of engineered/designer biochar through 438 
modification with novel structures to yield different surface properties and increase the 439 
sorption capacity [11],[96]. The modification of biochar can be achieved through various 440 
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400 - 600 °C
600 - 800 °C




































































[97],[98]. The feedstock can be treated either prior to pyrolysis or after pyrolysis to achieve 442 
the desired changes to the biochar [94]. The modification of biochar can be categorized as 443 
chemical modification, physical modification, impregnation with elements, or grafting [99]. 444 
Table 2 summarizes the key findings of recent research on the use of modified biochar for 445 
CO2 adsorption. 446 
 447 
 4.1 Alkali-modified biochar 448 
The activation of biochar using KOH or NaOH dissolves ash and compounds like lignin 449 
and cellulose, which increases the O content and surface basicity of the biochar [100],[101]. 450 
Two-stage KOH activation of pre-carbonized precursors may create a higher surface area 451 
with more surface hydroxyl groups than that of pristine biochar [102],[103]. Moreover, 452 
during the KOH activation process, different potassium species, including K2O and K2CO3, 453 
are formed and diffuse into the internal structure of the biochar matrix, which increases the 454 
width of the existing pores and generates new pores [104],[105]. Nevertheless, the effect of 455 
alkali treatment on the formation of –OH in biochar depends on the type of feedstock, 456 
charring method, and treatment conditions, such as the activation temperature and ratio 457 
between alkali and C [6],[31]. KOH-activated biochar has been found to yield a higher BET 458 
surface area (1400 m
2
/g) and higher ultra-micropore and super-micropore volume than those 459 
of CO2- and steam-activated biochars leading to a significant increase in CO2 adsorption 460 
capacity in KOH activated biochar than that of steam activated biochar (Table 2) [107]. 461 
KOH-activated biochar exhibits higher adsorption capacities than CO2 and steam-activated 462 
biochar because of its higher surface area and micropore volume, irrespective of the presence 463 























































































Whitewood  500 Steam activation 840 N/A 0.55 N/A 25  59 [107] 
Whitewood 500 CO2 activation 820 N/A 0.45 N/A 25  63 [107] 
Whitewood 500 KOH activation 1400 N/A 0.62 N/A 25  78 [107] 
Soybean 
straw 
500  Raw biochar without 
activation 






























500  Ammonification with 
NH3  at 500 ºC 





500  Ammonification with 
NH3 at 600 ºC
 























































































































500  Treatment with CO2-NH3 
mixture at 500 ºC 





500  Treatment with CO2-NH3 
mixture at 600 ºC 





500  Treatment with CO2-NH3 
mixture at 700 ºC 





500  Treatment with CO2-NH3 
mixture at 800 ºC 





500  Treatment with CO2-NH3 
mixture at 900 ºC 
764 489 N/A 0.2 30 82 
(Approx.) 
[67] 
Cotton stalk  600 Unmodified biochar N/A 224 N/A 0.07 20 38 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 at 500 
ºC 
N/A 289 N/A 0.12 20 53 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 at 600 
ºC 
N/A 351 N/A 0.13 20 64 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 at 700 
ºC 
N/A 372 N/A 0.14 20 66 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2  at 
800 ºC 
N/A 610 N/A 0.24 20 99.42 [66] 
Cotton stalk   Modified with CO2 at 900 
ºC 
N/A 556 N/A 0.21 N/A 96 
(Approx.) 
[66] 
Cotton stalk  600 Modified with NH3 500 
ºC 




























































































N/A 252 N/A 0.1 N/A 52 
(Approx.) 
[66] 





N/A 255 N/A 0.1 N/A 50 
(Approx.) 
[66] 





N/A 349 N/A 0.14 N/A 75 
(Approx.) 
[66] 





N/A 435 N/A 0.17 N/A 78 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 and 
NH3 mixture 500 ºC 
N/A 95 N/A 0.04 N/A 15 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 and 
NH3 mixture 600 ºC 
N/A 297 N/A 0.12 120 52 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 and 
NH3 mixture 700 ºC 
N/A 336 N/A 0.13 N/A 65 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 and 
NH3 mixture 800 ºC 
N/A 627 N/A 0.25 N/A 95 
(Approx.) 
[66] 
Cotton stalk  600 Modified with CO2 and 
NH3 mixture 900 ºC 
N/A 469 N/A 0.19 N/A 90 
(Approx.) 
[66] 









































































































































































































































































Sawdust 450  Unmodified biochar 8.76 N/A N/A N/A 30 19.7 [43] 
Sawdust 450  Unmodified biochar 8.76 N/A N/A N/A 70 13.5 [43] 
Sawdust 450  Treatment with 
monoethanolamine 
0.61 N/A N/A N/A 30 19.1 [43] 
Sawdust 450  Treatment with 
monoethanolamine 
0.61 N/A N/A N/A 70 12.1 [43] 
Sawdust 450  Treatment with 
monoethanolamine 
0.61 N/A N/A N/A 70 12.1 [43] 
Sawdust 750  Unmodified biochar 1.36 N/A N/A N/A 30 45.2 [43] 
Sawdust 750  Unmodified biochar 1.36 N/A N/A N/A 70 25.4 [43] 
Sawdust 750  Treatment with 
monoethanolamine 
0.15 N/A N/A N/A 30 39.7 [43] 
Sawdust 750  Treatment with 
monoethanolamine 




Sawdust 850  Unmodified biochar 182.04 N/A N/A N/A 30 47.5 [43] 
Sawdust 850  Unmodified biochar 182.04 N/A N/A N/A 70 28.8 [43] 
Sawdust 850  Treatment with 
monoethanolamine 
3.17 N/A N/A N/A 30 44.8 [43] 
Sawdust 850  Treatment with 
monoethanolamine 
3.17 N/A N/A N/A 70 25.2 [43] 
Walnut shell 500 Unmodified biochar 94.509 N/A 0.054 0.021 N/A N/A [47] 






























































































Cottonwood  600 Unmodified biochar (CW) 99 N/A 0.01 N/A 25 57.96 [108] 
Cottonwood  600 Mg:CW = 0.01 275 N/A 0.01 N/A 25 63.69 [108] 
Cottonwood  600 Mg:CW = 0.25 244 N/A 0.03 N/A 25 47.69 [108] 
Cottonwood  600 Mg:CW = 1 184 N/A 0.1 N/A 25 35.35 [108] 
Cottonwood  600 Mg:CW = 3 228 N/A 0.12 N/A 25 33.83 [108] 
Cottonwood  600 Mg:CW = 6 197 N/A 0.29 N/A 25 27.79 [108] 
Cottonwood  600 Mg:CW = 20 289 N/A 0.25 N/A 25 35.05 [108] 
Cottonwood  600 Mg:CW = 40 262 N/A 0.27 N/A 25 32.33 [108] 
Cottonwood  600 Al:CW = 0.025 256 N/A 0.01 N/A 25 63.87 [108] 
Cottonwood  600 Al:CW = 0.25 206 N/A 0.03 N/A 25 62.98 [108] 
Cottonwood  600 Al:CW = 2.5 331 N/A 0.3 N/A 25 69.3 [108] 
Cottonwood  600 Al:CW = 1 263 N/A 0.25 N/A 25 64.63 [108] 
Cottonwood  600 Al:CW = 3 370 N/A 0.39 N/A 25 69.49 [108] 
Cottonwood  600 Al:CW = 4 367 N/A 0.37 N/A 25 71.05 [108] 
Cottonwood  600 Fe:CW = 0.01 302 N/A 0.01 N/A 25 64.3 [108] 
Cottonwood  600 Fe:CW = 0.05 NA N/A NA N/A 25 55.61 [108] 
Cottonwood  600 Fe:CW = 0.1 458 N/A 0.04 N/A 25 66.57 [108] 
Cottonwood  600 Fe:CW = 5 665 N/A 0.59 N/A 25 60.68 [108] 
Cottonwood  600 Fe:CW = 6 654 N/A 0.19 N/A 25 65.26 [108] 




































































4.2 Amino-modified biochar 467 
Ammonia modification or the introduction of basic functional groups such as N-468 
containing functional groups onto biochar surface increases the affinity of biochar for 469 
adsorbing acidic CO2 as a result of the increase in alkalinity. Soybean straw biochar modified 470 
with CO2-NH3 had a higher CO2 adsorption capacity (88.89 mg/g) than NH3-modified (79.19 471 
mg/g) and CO2-modified (76.31 mg/g) biochar [67]. Contrasting results were observed in a 472 
study conducted with cotton stalk biochar produced by fast pyrolysis and modified with CO2, 473 
NH3, and CO2 + NH3 [57]. In that study, CO2-modified biochar derived from cotton stalk at 474 
800 °C performed better in CO2 adsorption at 20 °C (99.42 mg/g) than the NH3 or 475 
NH3 + CO2-modified biochars because of the better micropore structure [57]. However, the 476 
CO2 adsorption capacity of biochar activated with either NH3 or NH3 + CO2 increased with 477 
the increase of activation temperature from 500 ºC to 800 ºC where as a slight reduction in 478 
CO2 adsorption could be observed in biochar activated with 900 ºC compared to that of 800 479 
ºC (Table 2). A similar trend could be observed in the micropore surface area of biochar 480 
modified with NH3 and NH3 + CO2. When biochar was modified first with CO2 and followed 481 
by NH3, CO2 could combine with biochar surface to produce active sites to facilitate 482 
introducing N containing functional groups [66]. Nevertheless, introduction of excessive 483 
amounts of N functional groups may block the micropore entrance and reduce the surface 484 
area [66].  485 
 486 
4.3 Carbon dioxide activation of biochar 487 
Gas purging or the modification of biochar with CO2 is a physical modification method 488 
[109],[103],[41]
 
. Several studies have proven that CO2 activation enhances micropores, 489 
which favors CO2 adsorption [57],[110]. During CO2 modification, CO2 reacts with the C of 490 




































































Moreover, the gas purging facilitates the thermal degradation of carbonaceous material and 492 
enhances the aromaticity of the biochar [27],[111]. Studies have revealed that the capacity of 493 
CO2 adsorption in CO2-modified biochar is significantly higher than that of unmodified 494 
biochar [41]. In addition, CO2-modified biochar has a higher surface area and pore volume 495 
than unmodified and NH3-modified biochar, and CO2 adsorption capacity shows a significant 496 
linear relationship with the micropore volume [41],[57]. Studies have revealed that the CO2 497 
adsorption capacity shows an increasing trend with increasing activation temperature (Table 498 
2) [57]. In addition, after CO2 activation, the synthesized carbon materials are of high purity, 499 
and, thus, a washing stage after completion of the activation process is not needed. Therefore, 500 
gas purging is more advantageous than chemical activation [112]. 501 
 502 
4.4 Steam-activated biochar 503 
During steam activation, biochar is subjected to partial gasification with steam, which 504 
enhances the devolatilization and the formation of a crystalline structure [99]. The oxygen 505 
from water molecules in carbon surface sites, create surface oxides and H2. Then, the 506 
produced H2 reacts with C surface sites, forming surface hydrogen complexes and activating 507 
the biochar surface [99]. Even though CO2-activated biochar and steam-activated biochar 508 
have similar micropore volumes, steam-activated biochar has a higher total pore volume than 509 
that of CO2-activated biochar [107]. Steam-activated carbon has a higher graphitic carbon 510 
content and lower oxygen-containing group content than that of KOH-activated carbon [107]. 511 
However, it was found that the adsorption capacity of steam-activated carbon begins to 512 
reduce from the 20
th
 cycle, which indicates that the steam-activated biochar may not be 513 
suitable for multicycle CO2 adsorption [107].  514 
 515 




































































Some studies have also used metal oxyhydroxide biochar composites to increase the 517 
adsorption capacity of biochar [49]. It has been found that the adsorption of acidic CO2 can 518 
be enhanced by increasing the alkalinity of the biochar surface. Therefore, the introduction of 519 
metal groups including Na, Ca, Mg, Al, Ni, and Fe onto the biochar surface will increase 520 
basic sites on the surface of biochar, and hence, this method serves as a promising option to 521 
improve the CO2 adsorption capacity of biochar [47]. Lahijani et al. [47] reported that a 522 
biochar incorporating Mg showed a higher CO2 adsorption capacity (82.0 mg/g) than that of 523 
raw biochar (72.6 mg/g) at 25 °C and 1 atm (Table 2). Moreover, cyclic CO2 capture studies 524 
showed that Mg-loaded biochar has high stability in its CO2 capture capacity [47]. Generally, 525 
metal oxyhydroxides are basic and tend to bond with the CO2 molecules which are acidic. 526 
Therefore, metal oxyhydroxide–biochar composites such as the Fe2O3–biochar composite, 527 
which has ferromagnetic properties because of the presence of iron oxide, can be used to 528 
enhance the CO2 adsorption capacity of biochar [49]. Even though, the presence of high 529 
surface area with abundant adsorption sites are important for high CO2 adsorption, Creamer 530 
et al [10] found a poor correlation between the surface area and CO2 adsorption on biochar 531 
modified with aluminium oxide suggesting that presence of large surface area does not 532 
always ensure high adsorption. Moreover, interaction between iron oxide and CO2 particles 533 
were significantly weaker than that of AlOOH [10].    534 
 535 
5. Current challenges facing the practical application of biochar-based adsorbents 536 
Biochar-based adsorbents have been claimed to have advantages of being low-cost, 537 
renewable, and suitable for the removal of multiple contaminants (i.e., they can remove 538 
chemical, biological, and physical contaminants), and, thus, they have been the subject of 539 




































































that prevent the practical, large-scale application of biochar-based adsorbents for CO2 541 
removal.  542 
First, the robustness and stability of biochar-based adsorbents have not been fully 543 
demonstrated, despite the fact that high adsorption capacities and long-term cyclic operation 544 
are critical to ensure the economics and practicality of the technology [114]. Huang et al. [45] 545 
found that the CO2 adsorption capacity of rice straw biochar produced by microwave 546 
pyrolysis was around 10 mg/g lower than that of activated carbon and suggested that 547 
processes such as activation and impregnation are required to enhance the capacity of the 548 
biochar. Lahijani et al. [47] impregnated walnut shell pyrolysis biochar with various types of 549 
metals (Mg, Al, Fe, Ni, Ca, and Na), followed by N2 heat treatment, and found that the 550 
adsorption capacity increased from 72.6 mg/g for raw biochar to 82.0 mg/g for Mg-loaded 551 
biochar. Nevertheless, the enhanced adsorption is still significantly smaller than that of 552 
conventional activated carbon (e.g., type A-20, type Maxsorb III and phenol-formaldehyde 553 
resin-based), which has an adsorption capacity of several hundreds of milligrams per gram 554 
[115]. It is worth noting that any modification process may add extra costs and carbon 555 
footprint to the biochar-based adsorbents, and these have not been quantified yet.  556 
Secondly, existing experiments are mainly based on simulated gas mixtures that 557 
consist of either pure CO2 or a simple combination of several gas components (e.g., CO2, N2, 558 
and H2O) [116]. For cases where multiple gaseous agents exist, it is important to know if the 559 
gases other than CO2 will affect the adsorption capacity of CO2 (i.e., competitive adsorption), 560 
as well as how the biochar affects the concentrations of these other gases. For example, the 561 
adsorption capacity of CO2 could be reduced by the H2O initially adsorbed on the carbon 562 
[116]. Few studies have investigated the use of biochar-based adsorbents to remove CO2 in 563 
practical, large-scale applications [37]. The composition of actual flue or product gas can be 564 




































































the principles and mechanisms underlying the competitive adsorption of biochar in actual flue 566 
or product gas so that specific biochar-based adsorbents can be developed for certain flue or 567 
product gas compositions. The CO2 adsorption capacity of biochar in indoor spaces or a 568 
specific space can be predicted by airflow simulation programs using computational fluid 569 
dynamics (CFD). A 2D mathematical model for CO2 absorption using CFD was developed 570 
by Hajilary and Rezakazemi [117], and, in their study, the simulation results were compared 571 
with the experimental data, and the effects of the liquid flowrate, different nanoparticles, and 572 
nanoparticle concentration on the process efficiency were investigated. Hooff and Blocken  573 
[118] conducted CFD simulation analysis on the natural ventilation of a large semi-enclosed 574 
stadium using the CO2 concentration decay method.  575 
Third, to complete the knowledge loop of the whole CO2 capture and reuse cycle, it 576 
is also necessary to understand the principles and mechanisms for the regeneration and 577 
disposal of biochar. The regeneration ability for reuse of adsorbent after using for CO2 578 
removal is an important feature for determining the economic efficiency of the adsorbent 579 
[39]. Bamdad et al. [119] found that the CO2 adsorption capacity of nitrogen-functionalized 580 
sawmill-residue-based biochar decreased by 4–8% after five cycles and by 20% after 10 581 
cycles. Nguyen and Lee [39] showed that the CO2 adsorption capacity of nitrogen doped 582 
biochar decreased by 15% after 10 cycles. Apart from that, metal oxy-hydroxide biochar 583 
composites produced using aluminium, iron or magnesium demonstrated excellent 584 
regeneration capacity ranging from 90-99% at 120 ºC [108] which is relatively low 585 
regeneration temperature compared to other studies [120]. Activated carbon produced with 586 
KOH or CO2 activation using biochar also exhibited good regeneration ability up to 50 cycles 587 
whereas adsorption capacity of steam activated carbon started to decrease after 20 cycles 588 
suggesting that steam activated carbon is not favorable for multi cyclic adsorption [107]. 589 




































































achieved for other types of CO2 adsorbents. For example, the CO2 adsorption capacity of 591 
polyHIPE/PEI-based adsorbent only decreased by about 5% after 10 cycles [121], and the 592 
adsorption capacity of the APTES-grafted ordered mesoporous silica KIT-6 remained almost 593 
constant after 10 cycles [122]. The large loss in CO2 capture capacity after cyclic adsorption 594 
may increase the cost of regeneration and limit the use of biochar as a carbon sequestering 595 
material. Alternatively, CO2-saturated biochar can be used in an admixture to replace some of 596 
the cement used in building materials, which would lead to the valorization of biochar at the 597 
end of its service life as a CO2 adsorbent. Gupta et al. [123] reported that the addition of 2% 598 
saw dust biochar saturated with CO2 (SatBC) in cement mortar pre-deployment improved the 599 
early strength and reduced the water penetration depth compared to the control mortar. 600 
Although the 28-day strength and capillary absorption of SatBC was affected by the presence 601 
of CO2 in the biochar pores, this type of biochar can be used in non-structural cement-based 602 
materials where strength and durability considerations are less important than those of 603 
structural materials [123].  604 
Biochar may be contaminated by pollutants (e.g., Volatile Organic Compounds 605 
(VOCs), Polycyclic Aromatic Hydrocarbons (PAHs), heavy metalsand particulates) during 606 
the production process and service life [12],[65],. It has been found that PAHs concentration 607 
is greatly influenced by feedstock type and production temperature and resident time. Biochar 608 
produced with slow pyrolysis possess low PAH content compared to that of fast pyrolysis 609 
possibly due to longer resident time during slow pyrolysis, PAHs may release to the gaseous 610 
phase whereas during fast pyrolysis or gasification, PAHs can be concentrated on biochar 611 
[124]. Buss et al. [125] found that PAH content in biochar produced from straw was 5.8 times 612 
higher than that of biochar produced with wood biomass suggesting that lignin content and 613 
the composition of lignin in biomass greatly influenced the PAH content in biochar. Apart 614 




































































pyrolysing temperature and whereas gasification resulted in low levels of VOCs compared to 616 
hydrothermal carbonization [12]. Moreover, if the feedstock is naturally low in heavy metal 617 
content, biochar derived from that feedstock also consist of less amount of heavy metals 618 
suggesting that it is a prerequisite to select appropriate feedstock to ensure safe application 619 
[126]. Hence, careful selection of clean feedstock and appropriate conversion technology 620 
with proper temperature range and residence time is essential to minimize contaminants in 621 
biochar [12].      622 
Kua et al. [127] studied the effect of particulate materials (0.27–22.50 µm) on the 623 
CO2 adsorption capacity of biochar produced from wood waste at 500 °C and 10 °C/min. The 624 
study showed that the deposition of fine particulate material on the surfaces and pores of the 625 
biochar can reduce the CO2 adsorption capacity by 8.33 times in an environment containing 626 
600 ppm CO2. However, limited information is available regarding the impact of chemical 627 
pollutants on the CO2 adsorption capacity of biochar and the flue gas composition. The 628 
presence of the pollutants may indirectly affect the disposal of spent biochar, e.g., limiting its 629 
use as a soil additive [128],[129]. Indeed, there is limited information regarding the 630 
ecotoxicology and human health risks associated with the use of biochar-based adsorbents 631 
[113]. Thus, it is necessary to develop specific standards about the concentrations of the 632 
pollutants in biochar for certain compositions of flue or product gas and for matching with 633 
the biochar disposal method. 634 
Fourth, both physical and chemical modification methods have been proposed and 635 
tested in laboratory-scale experiments. However, most studies are explorative in nature and 636 
the effectiveness of the methods for large-scale biochar modification and application is still 637 
unclear. The techno-economic and environmental feasibility of the methods for the 638 
application of biochar-based adsorbents must be examined from a system and life-cycle 639 




































































[130],[131]]. For example, pyrolysis is an endothermic process and requires a sustained 641 
external heat source, whose impact on the whole-life-cycle carbon footprint of biochar-based 642 
CO2 adsorption technology remains unclear. As far as possible, life-cycle assessments of 643 
biochar production and application systems should be consequential in nature so that the 644 
system boundaries (and, thus, the impacts assessed) include the co-products of the pyrolysis 645 
or gasification processes. Examples of consequential assessments for slag can be found in 646 
Kua et al.[133],[134]. Correspondingly, the optimization and design parameters of practical, 647 
large-scale biochar-based CO2 removal systems are still lacking. In addition, in terms of the 648 
indoor environment, it is possible to reduce the concentration of CO2 in the indoor space by 649 
applying biochar to the filter of the ventilation device or the building materials. However, 650 
because the physical properties may change during the manufacture of building materials and 651 
filters including biochar, a clear test method for building materials must be reviewed. Such 652 
studies will shed light on how the price of biochar sorbents can be affected by various factors, 653 
such as labor, feedstock, production efficiencies [135], and even the pricing of the co-654 
products. 655 
Finally, it is desirable to develop a systematic database containing information 656 
ranging from the selection of suitable (cost, properties, or availability) feedstocks, 657 
physicochemical properties of biochar products, methods and effects of biochar upgrading, 658 
impacts of the presence of multiple gas agents, recovery of adsorbed CO2, and regeneration 659 
and disposal of biochar, along with the relevant cost-benefit and environmental information. 660 
The database will serve as the basis for making an informed decision about the practical use 661 
of biochar-based adsorbents for CO2 removal. The development of a databank of biochar-662 
based adsorbents necessitates consistent or standardized experiment designs and data 663 





































































6. Conclusions  666 
Biochar is a potential cost-effective and sustainable material for CO2 adsorption 667 
because of its inherent properties. However, the surface area, micropore area, micropore 668 
volume, presence of basic functional groups and hetero atoms play vital roles in the CO2 669 
adsorption capacity of biochar. Thus, the modification of biochar through chemical and 670 
physical processes to enhance the surface characteristics will significantly improve the CO2 671 
adsorption capacity of biochar. However, few studies have been performed with respect to 672 
the large-scale production and use of modified biochar for capturing CO2. Hence, further 673 
studies should focus on the development of novel technologies and biochar composites such 674 
as metal organic framework (MOF) and carbon-based nanomaterials to enhance the CO2 675 
adsorption capacity of biochar. Moreover, the field-scale application of biochar for CO2 676 
adsorption should also be a focus in the future, as well as the development of new 677 
technologies for the regeneration and reuse of captured CO2 or its conversion into useable 678 
products.  679 
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